
Chapter 12

Macrophage Dysfunction in Respiratory
Disease

Kylie B.R. Belchamber and Louise E. Donnelly

Abstract In the healthy lung, macrophages maintain homeostasis by clearing

inhaled particles, bacteria, and removing apoptotic cells from the local pulmonary

environment. However, in respiratory diseases including chronic obstructive pul-

monary disease (COPD), asthma, and cystic fibrosis, macrophages appear to be

dysfunctional and may contribute to disease pathogenesis. In COPD, phagocytosis

of bacterial species and apoptotic cells by both alveolar macrophages and

monocyte-derived macrophages is significantly reduced, leading to colonization

of the lung with pathogenic bacteria. COPDmacrophages also release high levels of

pro-inflammatory cytokines and chemokines, including CXCL8, TGFβ, and CCL2,
driving recruitment of other inflammatory cells including neutrophils and mono-

cytes to the lungs and promoting disease progression.

In asthma, defective phagocytosis and efferocytosis have also been reported, and

macrophages appear to have altered cell surface receptor expression; however, it is

as yet unclear how this contributes to disease progression but may be important in

driving Th2-mediated inflammation. In cystic fibrosis, macrophages also display

defective phagocytosis, and reduced bacterial killing, which may be driven by the

pro-inflammatory environment present in the lungs of these patients.

The mechanisms behind defective macrophage function in lung diseases are not

currently understood, but potential mechanisms include alterations in phagocytic

receptor expression levels, oxidative stress, but also the possibility that specific

diseases are associated with a specific, altered, macrophage phenotype that displays

reduced function. Identification of the mechanisms responsible may present novel

therapeutic opportunities for treatment.
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12.1 Introduction

As the most abundant leukocyte in the airways, macrophages were, until recently,

thought to maintain the sterility of the lung, through phagocytosis of bacteria and by

homeostasis via removal of apoptotic cells (Kopf et al. 2015). However, more

recent studies have shown that the airways are colonized by a lung microbiome

that changes with disease (Han et al. 2012). This suggests that macrophages do not

remove all bacteria from the lungs, but nevertheless play an important role in the

removal of pathogenic bacteria, inhaled particulates, and dying cells and are key in

maintaining pulmonary homeostasis. In chronic lung diseases, this process of

phagocytosis appears to become dysfunctional, leading to the presence of specific

bacterial populations which may contribute to the underlying pathophysiology of

disease (Han et al. 2012). This is further exacerbated by an increase in the number

of apoptotic cells in chronic lung disease. Failure of macrophages to clear these

cells leads to secondary necrosis, promoting inflammation and contributing to

disease pathophysiology (Henson and Tuder 2008). Failure to clear apoptotic

cells also promotes maintenance of the macrophage in a pro-inflammatory pheno-

type that lacks the capacity to resolve inflammation and thus may be key in driving

the chronic inflammatory profile observed in many pulmonary conditions.

Studies into the function of pulmonary macrophage in both health and disease

have been hampered by availability of cells, particularly from patient populations.

Sampling has usually involved bronchoalveolar lavage, which is not without risk to

the subject and is not possible in patients with more severe disease. Nevertheless,

this technique has provided access to alveolar macrophages. These are not the only

macrophage population found in the lung, with other populations identified within

the interstitium of the lung that appear to have distinct, functional characteristics

that distinguish this population from macrophages found in the airspaces

(Frankenberger et al. 2000). Cell surface markers for identification of different

macrophage populations have recently been identified (Desch et al. 2016) which

will now allow more detailed research into the roles of these populations and their

relative contributions to pulmonary disease furthering our understanding of mac-

rophage dysfunction in chronic lung disease that will lead to novel therapeutic

opportunities.

12.2 Chronic Lung Diseases

12.2.1 Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is an umbrella term for three

underlying pathophysiologies: chronic bronchitis, small airways disease, and

emphysema. The contribution of each of these can vary between patients leading

to heterogeneity of the population with some patients experiencing one, two, or all
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three of the pathophysiologies. Regardless of aetiology, COPD is characterized by a

slowly progressive development of airflow limitation that is poorly reversible

(Barnes 2004b). Exacerbations of symptoms can occur, leading to increased hos-

pital admissions, morbidity, and mortality (Wedzicha and Donaldson 2003). Respi-

ratory infections are an important feature of exacerbations, with viruses being

detected in two-thirds of cases and bacteria being detected in half of cases (Sapey

and Stockley 2006). Recent data has shown that bacterial infections often follow

viral infection, suggesting a link between an initial viral infection and secondary

bacterial infection (George et al. 2014; Mallia et al. 2011). The main bacterial

species detected in the COPD lungs are Haemophilus influenzae, Streptococcus
pneumoniae, and Moraxella catarrhalis, which are detected despite a 20-fold

increase in the number of alveolar macrophages found in the lungs of COPD

patients, indicating dysfunctional bacterial clearance in this disease (Hill et al.

2000; Wilkinson et al. 2003). The presence of lower airway bacterial colonization

is strongly associated with increased exacerbations and worsening of lung function

(Donaldson et al. 2002) leading to more rapid disease progression.

The first studies into phagocytes in COPD utilized the dimorphic fungus Can-
dida albicans and showed no difference in phagocytosis by peripheral granulocytes
(largely neutrophils) in COPD patients (Ritts et al. 1976); however, later studies

indicated reduced phagocytosis of the same species by peripheral monocytes in

chronic bronchitis (Nielsen and Bonde 1986). Subsequent observations using alve-

olar macrophages showed reduced phagocytosis and killing of C. albicans in cells

from COPD patients compared with controls (Vecchiarelli et al. 1991; Ferrara et al.

1996).

Using more relevant bacterial species, multiple studies have shown defective

phagocytosis of H. influenzae not only in alveolar macrophages taken from COPD

patients compared to healthy controls (Berenson et al. 2006) but also in monocyte-

derived macrophages differentiated from peripheral blood from COPD patients and

exposed to both H. influenzae and S. pneumoniae (Taylor et al. 2010). These data

support the theory that there exists a systemic macrophage defect in COPD, and that

exposure of macrophages in the lungs to toxins and oxidative stress is not the

primary cause of this defect, but this pulmonary exposure may impact further upon

an already reduced baseline response. Similar experiments using inert latex beads

have failed to show a defect in COPD macrophages, indicating that macrophages

have the capacity to phagocytose, but that the bacteria-specific response is reduced

(Lundborg et al. 2001; Hodge et al. 2003; Taylor et al. 2010).

Alveolar macrophages from COPD patients also display defective efferocytosis

(clearance of apoptotic cells), and this is more apparent in current smokers possibly

due to modification of extracellular proteins on the macrophage surface due to

exposure to cigarette smoke (Hodge et al. 2007; Kirkham et al. 2004); however, the

mechanism underlying this has yet to be elucidated but may be due to oxidative

stress. Failure to remove apoptotic cells in the lungs, such as airway epithelial cells

and T cells, leads to secondary necrosis, release of inflammatory mediators, and

promotion of lung damage (Hodge et al. 2005).
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The mechanisms behind these defects in the removal of pathogens and apoptotic

cells from COPD lungs remain unclear. Phagocytosis of prey depends on recogni-

tion and engagement with various receptors expressed on the macrophage cell

surface, and it has been postulated that reduced receptor expression might be the

reason for impaired clearance of bacteria and apoptotic cells in COPD. Multiple

studies have attempted to look into the role of these receptors in COPD macro-

phages. The mannose receptor (CD206) which recognizes the terminal mannose on

bacterial cell wall glycosides has been shown to be reduced in alveolar macro-

phages from patients with COPD compared with that of nonsmokers (Hodge et al.

2008). The Toll-like receptors (TLR) are also key receptors in the recognition of

bacterial proteins. TLR-4, which binds lipopolysaccharide (LPS) found on the cell

wall of gram-negative bacteria, has been shown to not be altered in COPD macro-

phages (Metcalfe et al. 2014); however, TLR2 which binds lipopeptides from

H. influenzae and S. pneumoniae has been shown to be reduced on COPD alveolar

macrophages (Droemann et al. 2005). A host of other scavenger receptors are also

implicated in macrophage phagocytosis; however, their study has brought about

conflicting results. In alveolar macrophages from COPD patients, studies have

shown reduced levels of CD31, CD91, CD44, and CD71 (Hodge et al. 2007).

However, other studies have not seen differences in expression of CD11b

(CR3a), CD14, CD58, CD80, CD7, or human leukocyte antigen-DR (HLA-DR),

but have reported reduced expression of CD86 and CD11a (Lofdahl et al. 2006),

whereas others have reported no difference in expression of CD44, CD36, CD61,

CD14, CD86, or CD40 but did observe reduced expression of HLA-DR and CD80

(Pons et al. 2005).

The role of receptors is further complicated in monocyte-derived macrophages

where defects in bacterial phagocytosis were reported, but there were no differences

in the number of cell surface recognition molecules between cells from COPD

patients and healthy controls (Taylor et al. 2010). As multiple receptors are likely to

be involved in the phagocytic process, and different receptors required for the

recognition and uptake of different prey, it is likely that changes in a single, specific

receptor are unlikely to be responsible for the defects in phagocytosis seen in COPD

macrophages. However, downstream signaling pathways may be implicated.

The sphingosine-1-phosphate (S1P) signaling pathways have been shown to be

elevated in COPD alveolar macrophages, and antagonism of S1PR5 improved

phagocytosis in one study, implicating this pathway in phagocytosis (Barnawi

et al. 2015), but further research is required. Other studies have also shown that

efferocytosis can be improved by macrolide antibiotics such as azithromycin

(Hodge et al. 2008), the antioxidant procysteine (Hodge et al. 2010), or the Nrf2

activator sulforaphane (Harvey et al. 2011) suggesting that this defect can be

resolved.

Macrophages have been considered to be the orchestrators of COPD (Barnes

2004a) due to their capacity to produce many of the mediators that are highly

expressed in the lungs of these patients (Fig. 12.1). For example, macrophages

produce increased levels of CXCL8 (interleukin (IL)-8) and granulocyte-

macrophage colony-stimulating factor (GM-CSF) (Russell et al. 2002a; Culpitt
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et al. 2003), which drive neutrophil recruitment and macrophage maturation,

respectively. They also produce increased levels of CCL2 (Frankenberger et al.

2011), which in turn leads to the recruitment of monocytes into the lung, which

subsequently differentiate into macrophages. These cells also produce CXCR3

chemokines, CXCL9, CXCL10, and CXCL11 (Shaykhiev et al. 2009), which

could account for the elevated levels of these chemokines in COPD sputum

(Costa et al. 2008). Finally, COPD macrophages produce increased levels of pro-

teases including matrix metalloproteinases (MMP) 2 and 9 (Finlay et al. 1997;

Russell et al. 2002b), which are considered important in driving destruction of the

extracellular matrix associated with emphysema. Furthermore, this inflammatory

macrophage phenotype is not amenable to inhibition by the administration of

glucocorticosteroids, and as such these cells are considered steroid insensitive

(Culpitt et al. 2003). The mechanism underlying this observation has been eluci-

dated and is due to oxidant-mediated downregulation of histone deacetylase

(HDAC)2 (Ito et al. 2005) that can be restored by addition of theophylline (Cosio

et al. 2004).

These alterations in macrophage function in COPD have led to speculation that

there is a specific COPD phenotype or an abnormal skewing of phenotype in this

disease. Shaykhiev and colleagues suggested that this skewing was due to cigarette

smoking (2009), and, more recently, a distinct macrophage phenotype has been

identified in lung tissue that is glucocorticoid insensitive (Chana et al. 2014),

suggesting that targeting these aberrant COPD macrophages and either removing

them or pushing them toward a “healthy” phenotype could be beneficial in restoring

their defective function and halting the progression of COPD.

12.2.2 Asthma

Asthma is defined as reversible airflow obstruction that can be long-term or

remitting. It is characterized by persistent airway inflammation, bronchial

hyperresponsiveness, and airway remodeling (Busse and Lemanske 2001). While

bacterial colonization is not considered a characteristic of stable asthma, patients

have a propensity to develop exacerbations, led by viral or bacterial infection as

well as other causes such as allergens and occupational exposures (Singh and Busse

2006). The role of macrophages in asthma has been largely overlooked (Park and

Christman 2016) as their absolute numbers do not increase compared to healthy

subjects (Jeffery 1999); nevertheless, there are clear phenotypic and functional

differences in the asthmatic pulmonary macrophage that may contribute to disease

pathophysiology (Pappas et al. 2013).

Initial studies looking at macrophage phagocytosis in asthma were performed

using opsonized zymosan, a glucan found on the surface of yeast. Sputum macro-

phages showed a reduction in zymosan uptake in children with eosinophilic asthma

(Alexis et al. 2001); however, their studies showed an increase in opsonized

zymosan uptake both in vivo and ex vivo in macrophages from mild asthmatics
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compared to healthy volunteers (Lay et al. 2009). Further studies showed that in

children, there was decreased uptake of Staphylococcus aureus in alveolar macro-

phages from moderate and severe asthmatics compared to healthy controls

(Fitzpatrick et al. 2008). Similar data was observed when H. influenzae was used

as prey in experiments using cells from more severe asthmatics, which was also

observed in monocyte-derived macrophages compared to mild asthmatics (Liang

et al. 2014). This suggests that, as with COPD, there may be a systemic defect in

macrophage phagocytic function and that the local environment is not solely

responsible for driving this effect.

Similarly to COPD, efferocytosis has also been shown to be reduced in asthmatic

macrophages. Influx of eosinophils to the lungs during asthma leads to increased

levels of apoptotic eosinophils in the lungs of asthmatics compared to healthy

controls (Walsh 2008; Duncan et al. 2003). Alveolar macrophages from severe

asthmatics display reduced uptake of apoptotic cells compared to healthy subjects

and those with mild asthma and showed reduced release of cytokines and prosta-

glandins (Huynh et al. 2005).

Approximately 5% of patients are described as having severe asthma with

reduced responsiveness to conventional therapies including glucocorticosteroids

(Adcock et al. 2008). Furthermore, similar to COPD, there appears to be a macro-

phage insensitivity to these drugs (Bhavsar et al. 2008). In addition, there is

increased p38 pathway activation (Bhavsar et al. 2008) leading to increased output

of a number of inflammatory cytokines. This is accompanied by changes in
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Fig. 12.1 Role of macrophages in COPD pathogenesis. Exposure of the lungs to cigarette smoke

causes damage to macrophages and activates pro-inflammatory pathways. Macrophages release an

array of cytokines and chemokines to promote monocyte recruitment to the lungs to increase

macrophage numbers, recruit neutrophils which release neutrophil elastase, activate CD8+ T cells

which release granzymes and perforins, and promote macrophage release of MMP, cathepsins, and

TGFβ, all of which contribute to COPD pathogenesis
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phenotype toward an “M2”-like, alternatively activated cell that expresses higher

levels of chemokines including CCL17 (Staples et al. 2012) that has been reported

to not fully comply with an “M2” phenotype. However, recently Girodet and

colleagues have shown that macrophages from severe asthmatic patients show

increased levels of CD206 and MHC-II expression together with increases in

IL-6, IL-10, and IL-12p40 (Girodet et al. 2016). Moreover, the authors suggest

that within this MHC-IIhi CD206hi population of macrophages, those that also

expressed high levels of histamine receptor (HRH) 1 correlated with increased

airway obstruction. They also showed that E-cadherin was highly expressed on

these macrophages (Girodet et al. 2016). However, the functional consequence of

this finding to macrophage responsiveness is yet to be elucidated.

12.2.3 Cystic Fibrosis

Cystic fibrosis (CF) is a chronic progressive disease characterized by various

mutations in the CF transmembrane regulator protein (CFTR) which, in the lung

epithelium, leads to reduced uptake of Cl� ions and reduced hydration of the airway

fluid, thereby affecting mucociliary clearance (Chmiel et al. 2002). As with asthma,

research into the role of macrophages in this disease has been lacking, but there are

clear changes in both the innate immune response and the macrophage in the lung

of patients with CF (Bruscia and Bonfield 2016). Exactly how this cell may

contribute to disease pathophysiology and progression remains unclear, but there

is now increasing interest in this field. For example, the CFTR protein is also

expressed by macrophages and is thought to be necessary for the acidification of

the phagolysosome required for killing (Di et al. 2006); however, others have failed

to see this effect, suggesting that other factors may be important in bacterial killing

(Haggie and Verkman 2007). The CF lung is colonized by a number of bacterial

species, with Pseudomonas aeruginosa, S. aureus, H. influenzae, and Burkholderia
cepacia being among the most prevalent (Valenza et al. 2008). Colonization with

these bacterial species suggests that there are defects in the innate response that may

be attributable to reduced macrophage clearance of these pathogens.

Studies on macrophage phagocytosis in CF have shown varying results, with

some studies showing that alveolar macrophages from CF patients display reduced

phagocytosis of Escherichia coli compared to healthy controls, alongside increased

cytokine release (Simonin-Le Jeune et al. 2013), while a study using a more

relevant bacteria showed that while phagocytosis of P. aeruginosa did not appear

to be impaired in CF macrophages, the bacteria had increased survival within the

cell (Del Porto et al. 2011). The mechanisms behind any defects in CF macrophages

are not clear but may be driven by the lung environment. Bronchoalveolar lavage

fluid from CF patients was able to decrease phagocytosis by healthy macrophages,

and this has been attributed to the increased levels of neutrophil elastase present

(Alexis et al. 2006). Neutrophil elastase cleaves the phosphatidylserine receptor on

macrophages, which disrupts efferocytosis indicating a possible mechanism for
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reduced macrophage uptake in the CF lung (Vandivier et al. 2002). Toxins released

by the bacteria are also able to reduce phagocytosis, including pyocyanin, a toxin

released from P. aeruginosa which impairs efferocytosis, but not uptake of latex

beads, and which could be restored by antioxidants, suggesting an oxidative stress

effect on cell surface receptors (Bianchi et al. 2008). Other possible mechanisms

include the presence of a thick mucus layer preventing contact between alveolar

macrophages and the bacteria themselves, thereby contributing to increased colo-

nization of the lungs (Vandivier et al. 2006).

There is clear evidence that macrophages in the lungs of patients with CF are

highly activated, as they display increased release of a number of cytokines

(Bonfield et al. 1995) supportive of the concept that these cells contribute to the

inflammatory milieu in CF. Further evidence of macrophage dysfunction has arisen

from study of sputum macrophages with small sputum macrophages showing

decreased expression of the macrophage receptor with collagenous structure

(MARCO) and CD206 receptors involved in non-opsonic phagocytosis (Wright

et al. 2009). However, further work is required to understand whether these changes

in macrophage function are due to the local environment in the CF lung or whether

inherent differences in macrophages from these patients are causative.

12.2.4 Other Lung Diseases

As methodology has improved for studies into human pulmonary macrophages

together with increased availability of tools to study these cells, there has been

increased interest in the role of these cells in other lung disease such as idiopathic

pulmonary disease (IPD) and acute respiratory distress syndrome (ARDS). As with

other pulmonary conditions, there appears to be a skewing of macrophage pheno-

type in interstitial lung diseases with an increase in CD40 expression in cells from

sarcoid patients and increased CD163 in cells from those with idiopathic pulmonary

fibrosis (IPF) (Wojtan et al. 2016). How these observations translate to macrophage

function remains to be elucidated, but early studies showed that macrophages from

IPF patients were unable to kill bacteria (Savici et al. 1989) with more recent

studies showing reduced clearance of apoptotic cells (Morimoto et al. 2012) similar

to that seen in COPD. Alveolar macrophages from IPF patients also show increased

responses to collagen by releasing increased levels of CCL18, CCL2, and IL-1ra via

increased upregulation of CD204 (Stahl et al. 2013), again demonstrating changes

in macrophage function which appears characteristic of disease.
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12.3 Conclusion

Macrophage dysfunction appears to be common across multiple chronic lung

diseases; however, why this is the case remains unclear. There are many proposed

mechanisms; however, further work is required in order to elucidate the underlying

reasons for these observations, but may relate to differing local microenvironments

due to specific pulmonary inflammatory insults, e.g., exposure to cigarette smoke or

specific pathogens.

There appears to be common changes in the capacity of macrophages to clear

pathogens and/or apoptotic cells, and one theory is that alveolar macrophages are

already full or satiated due to clearance of environmental particles (e.g., tar or

particles from pollution). The increased presence of bacteria, apoptotic cells, and, in

the case of smokers, tar and other particulates could lead to the hypothesis that the

cells simply do not have enough capacity to consume any additional material.

However, since monocyte-derived macrophages from asthmatics, COPD and CF

patients, still show a defective phagocytic phenotype, the concept of satiety cannot

solely explain these observations. This instead suggests a systemic defect, which

may appear early in the disease process, and, instead of being resultant of the

damage in the lungs, actually contributes to drive this process.

As mentioned previously, phagocytosis occurs via a multitude of cell surface

receptors and requires complex intracellular signaling mechanisms, actin reorgani-

zation, and phagolysosome formation to be successful. It is postulated that any

number of these processes could be defective. For example, downregulation of the

receptors involved in recognition and phagocytosis of prey would lead to a reduc-

tion in the cells’ ability to phagocytose. Proteases have been shown to degrade cell

surface receptors, and cigarette smoke has been shown to downregulate receptors

including CD91, CD31, CD44, and CD71, suggesting oxidative stress may also

damage receptors (Hodge et al. 2010), which could be potential mechanisms in both

CF and COPD.

Other factors that could also alter macrophage function include viral infection.

Viruses are known to be a cause of exacerbations in COPD and asthma, and

rhinovirus is able to enter macrophages, although may not be able to replicate

inside the cell (Gern et al. 1996). It is possible, therefore, that viruses may alter the

function of macrophages during exacerbations in respiratory disease. Oliver et al.

demonstrated that this may be the case, showing that rhinovirus suppressed phago-

cytosis of E. coli by alveolar macrophages (2008), and suggesting that treating viral

infections may prevent subsequent bacterial infection in respiratory diseases.

Other proposed mechanisms are that inhaled medications could alter cell func-

tion; however, there is little evidence to support this theory. In fact, studies have

shown that in vitro, budesonide, formoterol, and azithromycin did not alter phago-

cytosis of H. influenzae in monocyte-derived macrophages from COPD patients

(Taylor et al. 2010) and that dexamethasone and formoterol had no effect in cells

from severe asthmatics (Liang et al. 2014). In vivo, it has been shown that low-dose

azithromycin increased efferocytosis of bronchial epithelial cells and neutrophils in
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alveolar macrophages from COPD patients, but this was not due to changes in

receptor expression (Hodge et al. 2008), indicating that further research is required

into the effects of various treatments on improving phagocytosis.

Improving clearance of bacteria by macrophages may prove beneficial in many

chronic lung diseases, leading to reduced incidence of exacerbation, and improved

morbidity and mortality. Opsonization is known to improve phagocytosis of bac-

teria (Wellington et al. 2003), and so promoting the production of opsonins in the

lungs may improve phagocytosis. However, this could prove difficult in the CF

where thick mucus may prevent opsonization from occurring. Increasing receptor

expression by macrophages may also increase phagocytosis, demonstrated by the

use of sulforaphane, a chemical found in broccoli and other green vegetables, which

has been shown to improve phagocytosis of H. influenzae by alveolar macrophages

via upregulation of the phagocytic receptor MARCO (Harvey et al. 2011).

Other strategies that could be beneficial involve changing macrophage pheno-

type toward a more homeostatic phenotype and restoring the skewed populations

observed in many diseases. Resolvins are lipid mediators that have been described

as “specialized pro-resolving mediators” with key roles in the resolution of inflam-

mation including regulating macrophage phenotype by promoting a more anti-

inflammatory macrophage and have been shown to reverse the effects of cigarette

smoke extract on suppression of phagocytosis (Croasdell et al. 2015). This suggests

that manipulation of phenotype might improve bacterial clearance and restore

macrophage function to that of a homeostatic cell type and hence be a possible

target for therapeutics.
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